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Abstract 
In this study, the aim is to present the newly developed testing and simulation method for the durability of leaf springs 
in order to direct designers in the product development phase. The load spectra, which contain the variable amplitude 
loading to determine the fatigue life, were measured from different vehicles on rough road testing track. Afterwards, 
accelerated spectra were generated for testing and used in newly built fatigue test bench. Also, Finite Element Method 
(FEM) and Multi Body Simulation (MBS) calculations were performed and load spectra were processed with multi-
channel fatigue life calculation to generate a virtual test rig.  
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1. Introduction 
Leaf springs, which are one of the most important components of suspension system in the truck, undergo multiaxial 
variable amplitude loading in the vehicle. Not only vertical loading but also forces in the longitudinal and lateral 
direction are acting on the leaf spring during the drive. Additionally, moments are effecting on the leaf spring 
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Nomenclature 
D damage sum     ı stress for constant amplitude loading  
Ls  sequence length     ɐ stress for variable amplitude loading 
LTest test spectrum length    ık knee point of the S-N curve 
LDesign designed service length    a amplitude 
N number of cycles for constant amplitude loading f frequency 
 number of cycles for variable amplitude loading k slope of the S-N curve 
Nk fatigue life at knee point    k’ slope of the prolongation 
Ps probability of survival    n number of tests, number of cycles  
Po probability of occurrence    t time 
 
 
during start, braking and torsion. All of these loadings can be taken into account if the durability of leaf spring is tested 
in the vehicle. However, building-up a test vehicle just to examine the durability of a leaf spring will be very costly 
and the duration of test will be very long. Therefore, a new test bench for the durability of leaf springs is built which 
can simulate these multiaxial loads and supply the same fatigue loading conditions in the accelerated time. Test signals 
were generated by processing and accelerating the measured load collectives and these test signals contain variable 
loading amplitude that provides same fatigue life. Furthermore, a virtual test rig, which is composed of Finite Element 
Method (FEM), Multi Body Simulation (MBS) and damage calculation, was generated in order to guide the designers 
in the product development phase before testing [1]. 
 
 
Fig. 1. Modification of the S-N curve and calculation of fatigue life (schematic) [2]. 
One of the main topics in this study is to calculate the fatigue life under the variable amplitude loading. Sonsino 
states that the variable amplitude loading tests are performed because none of cumulative damage hypothesis can 
predict the fatigue life for these loadings [2]. Thus, such tests are needed in order to have real damage sums with 
Woehler- and Gassner-lines, see Fig. 1. Based on the Palmgren-Miner-Rule modified by Haibach [3], the damage of 
a spectrum with the size Ls can be calculated 
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and the real sum is determined from this value by using experimental results: 
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In this study, the inclination k of the S-N curve is maintained (k’=k) depending on the Palmgren-Miner-Rule for 
the high-cycle fatigue area in order to account the damaging influence of small load cycles. Moreover, k=5 is used for 
load spectra processing. 
Reducing the test time based on the damage equivalence is also an essential topic of this study. Sonsino states that 
the test spectrum should be shortened to a damage equivalent spectrum in order to have a reasonable testing time [4]. 
It is important that the damage sums of the design spectra obtained by a linear damage accumulation must be same 
with the equivalent spectra, see Fig. 2. Therefore, the amount of higher stress cycles must be increased. The existing 
mean stresses must be also taken into account with an amplitude transformation using a mean-stress-amplitude diagram 
or a damage parameter. Because of the environmental corrosion and damaging influences by fretting, it is 
recommended to have a test spectrum not shorter than ca. 5x106 cycles. In the testing, this spectrum must be partitioned 
into sequences and repeated afterwards. 
 
 
Fig. 2. Damage equivalent design and test spectra for reduction of testing time [4]. 
After the omission of less damaging amplitudes, the sequence length Ls of test spectrum is determined. The 
obtained test cycles can be calculated from service cycles with the following formula [2]: 
service
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2. Development of the methodology for the durability of leaf springs 
2.1. Measurements and obtaining load spectra 
The measurements were done on the rough road located in the Daimler Truck Testing Center in Wörth, Germany. 
This rough road simulates the desired fatigue life time for vehicle durability and consists of 14 test tracks that differ 
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from each other by indicating different damage results depending on different manoeuvers. The load spectra were 
collected from the following 10 different durability tracks that have different damaging properties. 
x track that simulates vertical dynamic loadings for attached parts of frame 
x track of vertical dynamic loadings in the medium frequency range 
x track of cornering and vertical dynamic loadings 
x track of cornering and vertical dynamic loadings for attached parts of frame and axle 
x vibration and torsion track for platform and cab 
x track that simulates the maximum loadings in the driving direction of vehicle 
x braking track 
x track with three different torsion 
x full circle track with lateral loading 
x inclination (ramp) track 
The forces on the hub were obtained with wheel force transducer and the strains were measured with strain gages 
on the spring, see Fig. 3. The distance between spring and chassis, the acceleration of axle and the acceleration of 
chassis were recorded. In addition, the speed and location data of the vehicle were collected by using GPS.  
 
 
Fig. 3. (a) Strain gages on the leaf spring; (b) Acceleration of axle; (c) Distance between spring and chassis. 
2.2. Processing of load spectra 
The obtained load spectra were examined with the help of Diadem software package, which offers the opportunity 
to investigate the collected data [5]. The maximum and minimum values, signs (±) and the disconnections in the 
collected signals were analyzed in this examination process. 
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Fig. 4. (a) Signals in time and frequency domain for each strain gage; (b) Virtual damage analysis and cycle count of strain gages. 
On the other side, LMS Tecware software package can work with several statistical methods, determine the damage 
level and realize frequency calculations [6]. LMS Tecware Combi Track Module is able to calculate the damage value 
by utilizing the damage in the each track. In this way, the damage values for each track of rough road and each 
measured leaf spring were determined based on the load spectra, see Fig. 4. All of the collected signals were analyzed 
in the time and frequency domain which are in the range of 0-50Hz. The measurements were realized three times in 
the vehicle for each track with defined different speeds and these three different measurements were used in the 
processing of load spectra. The measurements were selected to use in the determination of test signals by comparing 
the damages in the virtual damage analysis. 
2.3. Determination of test signals from spectra 
Using the results from the load spectra processing, the percentage of each track in the aimed damage was evaluated. 
The aimed damage can be defined as the damage sum of the load spectra obtained by a linear damage accumulation. 
Here, the damage equivalent, which is obtained by shortening the load spectra to have a reasonable testing time, must 
be the same with the aimed damage. The tracks, which have little percentage in the aimed damage, were then 
eliminated, see Fig. 5. In this way, the obtained load spectra were shortened and the accelerated test signals with the 
same fatigue life were generated. The target length of the test spectrums was around 350 hours in order to have an 
acceptable duration in the testing. Later, the number of cycles of each test signal was determined to obtain the aimed 
damage in the test bench. 
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Fig. 5. (a) Selection of tracks that mostly effect the equivalent damage; (b) Achieved percentages of equivalent damage for each strain gage. 
2.4. Usage of test signals in the newly built fatigue test bench 
The accelerated fatigue test signals generated by processing the load spectra were validated by measuring the 
damage values in this hydropuls test bench. The first run of each leaf spring in test bench was performed with the 
strain gage measurements on the leaf spring. The aim is to approach the total damage ratio between 90% and 110% 
by applying the signals from the force and displacement controlled servo hydraulic cylinders. Thereby, the accuracy 
of the test bench and the spectra generated for various leaf springs were approved. 
The test unit consists of 5-cylinder, so that the signal of test spectra can be applied in 5 directions, see Fig. 6. In 
this test bench, two springs (left and right) can be examined simultaneously. Two 250 kN cylinders, two 100 kN 
cylinders and a 100 kN cylinder were placed such that they simulate the vertical forces, forces in the driving direction 
and lateral forces respectively. Thus, low frequency oscillations acting from the frame of the loaded vehicle, high 
frequency vertical loads arising from the road, lateral and longitudinal forces acting on the vehicle and also moments 
during braking and starting can be simulated. The two leaf springs were connected to the axle with the original attached 
parts (torsion bar arm, brackets, etc…). In this way, all of the attached parts will be also proved. 
 
Fig. 6. Newly built fatigue test bench for the durability of leaf spring (applied for patent)  
2.5. Finite Element Method (FEM) simulations and fatigue life calculations 
In the simulation method, leaf springs were modelled as a single component (subassembly) and calculated with 
geometrical nonlinearities in order to increase the accuracy, because of the large displacements and nonlinearity of 
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the free end. At the beginning, the leaf spring was tried to be simulated within the entire vehicle FE-Model. However, 
not only the time of calculation will considerably increase but also the accuracy of the results will decrease because 
of the possible errors in the modeling of high nonlinearities. Therefore, a simulation method was developed based on 
the FE-Analysis of subassembly with the cutting forces from multi body simulation (MBS). Moreover, the contact 
formulation and friction were taken into account carefully, especially for multi-layer leaf springs. The prediction of 
friction coefficient, which can’t be done experimentally, was realized by adjusting with the stress results from the 
strain gage measurements. In this study, the mesh and model were generated with the pre-processor software Medina 
[7]. The nonlinear FEM simulations were done by using Abaqus [8].  
The measured leaf springs were analyzed with the time dependent forces and moments from MBS based on test 
bench and/or measured load spectra. The stresses on the leaf springs from the simulation were compared and validated 
with strain gage measurements from testing. In the validation, it was observed that measured loads of wheel forces at 
different time steps should be applied statically by controlling the vertical displacement of leaf spring because of the 
static equilibrium in the simulation. Only after that the stress values in the simulation showed a good agreement with 
the measured strain gage results.  
These stress values in the simulation were combined with load spectra from MBS and a multi-channel fatigue life 
calculation process were performed, see Fig. 7. FemFat software was used in this study for fatigue life calculations 
[9]. In the end, the calculated damage values were compared with the damage values and possible failures in the test 
to validate the simulation method.  
 
 
Fig. 7. (a) Stress distribution for layers 1, 2, 3 of leaf spring; (b) Damage distribution for layers 1, 2, 3 of leaf spring. 
Additionally, the same procedure based on FEM simulation and fatigue life calculations were performed with the 
accelerated fatigue test signals used in the newly built test bench. If the FEM model of the test bench was built up and 
the vertical displacement controlled test signal was applied at the connection points of cylinders, higher damage values 
were calculated in the simulation because of the additional moments in the system. Thus, the time dependent forces 
and moments acting on the leaf spring were calculated with an MBS model of the test bench based on the accelerated 
fatigue test signals used on the test bench. These time dependent forces acting on the leaf spring were then used to 
have a good correlation of damage values in the simulation. 
2.6. Multi Body Simulation (MBS) 
The virtual models of vehicles, that the load collectives were measured from, were generated by using Multi Body 
Simulation (MBS) method. In this study, Simpack was used as the MBS software [10]. The rough roads profiles were 
used as an input in MBS entire vehicle model and the forces, accelerations and displacements were evaluated. Also, 
the measured forces on the hub were applied to the axle model to compare the results with entire vehicle model, see 
Fig. 8. In the end, the results from MBS were approved with the measured values and the MBS modeling of entire 
vehicle and axle model were validated. 
With the help of MBS, the load collectives on the leaf springs were calculated as time histories of the internal forces 
(cutting forces in x, y, z directions) and moments (x, y, z directions) acting on the leaf springs. In addition, level 
crossing and range pair counting evaluations of the calculated forces were conducted. These load collectives were 
used in the multi-channel fatigue life calculation in order to present a virtual test rig. 
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Fig. 8. (a) MBS axle model; (b) MBS entire vehicle model; (c) Force-time diagram in z direction; (d) Range pair counting of two leaf springs. 
If the time dependent forces and moments from MBS were obtained from the entire vehicle model, the load spectra 
from MBS and results of damage calculations had a limited correlation with the measured ones. The reason of this 
limitation could be the approximations in the entire vehicle MBS model, especially in tire model. However, if the 
MBS model of axle was generated separately and excited with the measured forces on the wheel hub, then a good 
agreement was obtained between the measured and simulated load spectra. Lastly, the MBS model of the fatigue test 
bench was also generated to evaluate time dependent forces and moments acting on the leaf spring. Thereby, damage 
calculations based on accelerated fatigue test signals could be realized. 
3. Conclusion 
The aim of this paper is to present a novel methodology with testing and simulation for the durability of leaf springs 
based on measured load spectra. This study illustrates a complete development process with the cooperation of testing 
and simulation departments to build a durability assessment method of leaf springs based on accelerated fatigue life 
testing using variable amplitude loading. The following statements can be concluded from this project: 
x Forces, displacements and strains on various leaf springs were measured from different vehicles on the rough 
road track in order to obtain the load spectra for the development of testing method. This load collective contains 
the variable amplitude loading which determines the fatigue life of the structure. 
x Measured load spectra were processed by analyzing all of the collected signals in the time and frequency domain. 
Herewith, the total aimed damage and the percentage of each track in the aimed damage were evaluated. Then, 
the test signals, which can give the aimed damage within the accelerated time, were generated. 
x These test signals were used in the newly built test bench and damages in this test bench were validated with 
strain measurements on the leaf springs. At the end, these determination of test signals were repeated for other 
leaf springs to complete the testing method for the all types. 
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x MBS method was used to generate calculated load spectra on the leaf springs as time histories of the internal 
forces and moments acting on the leaf springs. In addition, level crossing and range pair counting evaluations of 
the calculated forces were conducted.  
x In the FEM simulations, the measured leaf springs were analyzed with the time dependent forces and moments 
from the multi body simulation (MBS). The stresses on the leaf springs from the simulation were compared and 
validated with strain gage measurements from testing. With these stress values from FEM and load spectra from 
MBS, a multi-channel fatigue life calculation was performed. 
The established test signals, test bench and simulation method can be used in the future for the newly designed leaf 
springs to ensure the desired fatigue life. 
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